Males employ complex strategies to optimize their reproductive success when faced with male-male competition; for instance, they can adjust the ejaculate characteristics. In copulating species, a male may also strategically adjust his ejaculate expenditure according to female quality. Quantifying the relative contribution of ejaculate plasticity in male reproductive success is often difficult, especially when females exert postcopulatory cryptic choice. One way to quantify the functional significance of ejaculate plasticity is offered by mating systems in which the reproductive partners do not meet each other during insemination. In the collembolan Orchesella cincta, males deposit their ejaculates (spermatophores) irrespective of the presence of females. We tested whether Orchesella males adjust spermatophore number when exposed to the presence of another male and whether changes in spermatophore production influence female choice. We found that Orchesella males display plasticity in spermatophore allocation. Males decreased the spermatophore number when exposed to a rival male. Moreover, females preferentially took up spermatophores of males that were exposed to a competitor. The reduction in spermatophore number suggests, besides an adaptive response to the risk of ejaculate removal by rival males, an optimization strategy owing to the costs of more attractive spermatophores.
Introduction
Sexual selection generally favours male behaviours that maximize the number of offspring sired [1] . One taxonomically widespread strategy is the adjustment of ejaculate investment according to the presence of rival males to maximize fertilization success [2, 3] . Plastic responses to the risk of pre-or post-copulatory male-male competition can increase male fitness, as shown for instance in Drosophila melanogaster [4, 5] . Commonly, the response to male-male competition involves adjustment of ejaculate size or the number of ejaculates. Theories predict that males increase ejaculate allocation when a rival male is present, but decrease ejaculate investment as the number of rivals exceeds one [2, 6, 7] , though empirical evidence is relatively scant to date. Owing to the direct interaction between the two partners, males may also adjust ejaculate investment depending on female fecundity [8] or mating status [9] . Vice versa, females may bias sperm use in favour of one male at the expense of another (i.e. postcopulatory cryptic choice [10] ), making it hard to disentangle the selective pressures driving sperm allocation plasticity and its relative contribution to male reproductive success.
A more direct assessment of the functional significance of ejaculate adjustment in response to male-male competition can be made in mating systems with dissociated sperm transfer. In these mating systems, male ejaculates are deposited in the environment in the absence of females [11] . Females subsequently choose among male ejaculates for internal fertilization, similar to female-biased sperm use in conventional mating systems. But in dissociated systems, fertilization choice takes place outside the female tract, making it easy to observe a male's ejaculate fertilization success [12, 13] .
Dissociative systems are rather common among invertebrates, constituting a widespread reproductive strategy in soil and aquatic environments [11, 14] . In arthropods with such indirect sperm transfer, male-male competition is a constant selective force. Males are able to assess their competitor presence, as they habitually eat or destroy the ejaculates deposited by other males [11, 15] .
Here, we used the collembolan Orchesella cincta, a species with dissociated sperm transfer, as a model system to investigate plastic responses to the risk of male-male competition, and to determine whether such response enhances male reproductive success in a competitive context. We first tested whether O. cincta males adjust the number of their ejaculates (spermatophores) to the presence of rival competitors. Second, we tested whether changes in number of spermatophores owing to male-male competition risk affect female choice.
Females of the genus Orchesella pick up only one spermatophore [12, 13] and do not store sperm [13] ; hence, postcopulatory cryptic choice is absent. Earlier work on O. cincta has demonstrated that female choice based exclusively on assessment of spermatophores provides the females with indirect benefits [16] . Thus, mate choice in this species is mediated solely by precopulatory cues associated with the male spermatophores [12, 15, 16] , making it an excellent system to investigate the effect of male-male competition on the outcome of sexual selection.
Material and methods
The O. cincta strain used in this study originated from a pine forest in The Netherlands (Roggebotzand (52834.40 0 N, 05847.90 0 E)) and was maintained in mass culture for three generations at 208C in a climate-controlled room.
Adult O. cincta alternate reproductive and non-reproductive instars, separated by moults. At 208C, reproductive instars generally last 5 days, and non-reproductive instars 4 days. Males deposit spermatophores only during the reproductive instars. The female's receptive phase is limited to 48 h after the onset of the reproductive instar [12, 13, 16] .
Orchesella eggs were collected from several hundred adults. After hatching, juvenile springtails were transferred into individual vials (Ø 2 cm). Once adulthood was reached (after ca 40 days), individuals were sexed. In total, 200 males and 40 females were selected for the experiments.
To assess the effect of male -male competition, we measured spermatophore production under various scenarios of competition risk. Males were assigned to one of the following treatments: (i) male-only (exposure to one non-reproductive male), (ii) male plus spermatophores (exposure to one male producing spermatophores) and (iii) control (no exposure to male or spermatophores). Exposure took place in experimental arenas (Ø 5 cm) divided into two equal-sized compartments.
Recently matured males were kept individually and for each focal male (71 in total) spermatophore production in the first reproductive instar was determined by daily counting the number of spermatophores deposited. After a new instar had started (detected by the presence of a moulting skin), the focal male was introduced to one compartment of the arena. The other compartment contained a single reproductive or nonreproductive male (also previously isolated), or was left empty, according to the above three treatments. A fine mesh separated the two sections; this prevented body contact between the males but allowed olfactory communication.
This set-up allowed a window of exposure to the rival male of 4 days, prior to the start of the second reproductive instar of the focal male. After the moult, indicating the onset of the second reproductive instar, the males' spermatophore production was determined as described above.
For the female choice test, we used experimental arenas (Ø 5 cm), each containing two spermatophore patches. One patch consisted of two spermatophores from a male of the control treatment and the other patch consisted of two spermatophores of a male from the male plus spermatophores treatment. Virgin females were used in the choice trials when they were receptive according to [16] . We tested each female only once.
Kruskal -Wallis tests were used to test for the effect of treatment (i) on the number of spermatophores produced in the first reproductive instar and (ii) on the difference in spermatophore production between a male's second and first instar. Separate Mann -Whitney U-tests were used to make pairwise comparisons between treatments, as post hoc test. Female choice trials were tested for significance of female preference using a binomial test. All analyses were conducted in IBM SPSS STATISTICS v. 20.0 (SPSS Inc., Chicago, IL, USA).
Results
To assess male response to male-male competition, we calculated, for every individual, the difference in spermatophore number between the second and the first reproductive instars for the three treatments. This difference varied significantly among the treatments (x 2 ¼ 9.484, d.f. ¼ 2, p ¼ 0.009; figure 1 ).
Males in the male-only and male plus spermatophores treatments had reduced spermatophore numbers in the second instar compared with males in the control treatment. There were significant differences between control and male-only treatments In the female choice test, 24 females took up a spermatophore. Significantly, more females took up a spermatophore from a male exposed to the male plus spermatophores group (in total 18) than expected under random choice (N ¼ 24, p ¼ 0.023; figure 2).
Discussion
Our results show that O. cincta males decrease their ejaculate investment, measured as spermatophore number, in response to the perceived risk of male-male competition, and that females preferentially take up spermatophores from males exposed to a rival. Our results are in contrast with sperm allocation models, which predict ejaculate investment to peak with one rival male present [2, 6] . Empirical studies show contradictory patterns though [7] . For example, unlike most rodent species, house mice facing sperm competition risk inseminate smaller ejaculates in order to achieve more rapid sperm transfer [17] .
Orchesella males responded strongly to the presence of a male competitor, irrespective of the reproductive status of the rival. Intraspecific recognition is mediated by cuticular hydrocarbons in several collembolan species [18, 19] . Smelling conspecifics via cuticular compounds would provide a mechanism through which Orchesella males were able to detect each other's presence and tailor the spermatophore production accordingly. This is not surprising as male collembolans, whether reproductively active or not, habitually eat or destroy the spermatophores deposited by other males [11, 15] . Sperm displacement strategies (i.e. removing, destroying or inactivating the sperm of rivals before fertilization) are employed by males of many copulating species [10] , and our current results emphasize the need to include such strategies in male-male competition models.
Interestingly, males exposed to male-male competition produced fewer but more attractive spermatophores, as females preferentially took up spermatophores of males exposed to a rival. Female O. cincta gain indirect benefits from choosing among male spermatophores [16] , indicating that the spermatophores exhibit detectable signals that are correlated with the expected benefits. Based on observations during mate choice trials, olfactory cues are almost certainly associated with the spermatophores [12, 16, 20] .
Orchesella males may change the pheromonal bouquet of their spermatophores depending on male competitors' olfactory cues in the habitat (the 'experience hypothesis' [21] ), in order to increase their ejaculate attractiveness. Such a change in pheromone blend may be especially advantageous when the density of spermatophores is high and an accurate assessment of chemical cues associated with each spermatophore is more difficult for females. In such a scenario, a stronger sexual signal could improve the reliability of the olfactory communication, but more attractive signals may be costly to produce. The plastic decrease of spermatophores observed in the presence of another male is thus suggestive of an optimization strategy.
Although further studies need to characterize the signal related to the spermatophores, we showed that Orchesella males can plastically tailor their signal expression depending on male-male competition and increase their reproductive success by influencing female choice.
The characteristics of dissociative mating systems, i.e. rival ejaculate removal strategies, and lack of cryptic female choice, offer the opportunity to disentangle male and female contributions on the outcome of sexual selection. A deeper understanding of male reproductive strategies in non-conventional mating systems may thus provide valuable insights into the dynamics of sperm allocation and their fitness consequences in a wider range of taxa. rsbl.royalsocietypublishing.org Biol Lett 9: 20130762 
